Stimulation of normal mouse neutrophils with phorbol 12-myristate 13-acetate resulted in an acceleration of chromatin condensation and phosphatidylserine externalization that was not associated with caspase-3 activation. Caspase-independent death was completely inhibited by GF109203X and SB202190, specific inhibitors for protein kinase C and p38 mitogen-activated protein kinase respectively. Activation of p38 mitogenactivated protein kinase was completely suppressed by GF109203X, indicating that this enzyme is regulated by protein kinase C. On the other hand, cell death was abolished in NADPH oxidase-deficient neutrophils lacking superoxide production. Of note, p38 mitogenactivated protein kinase was activated by phorbol 12-myristate 13-acetate in normal and myeloperoxidasedeficient neutrophils lacking production of HOCl, whereas no activation was observed in NADPH oxidase-deficient neutrophils. These results strongly suggest that activation of p38 mitogen-activated protein kinase is regulated by endogenously generated superoxide or its metabolites other than HOCl, a critical regulator of inducer-stimulated death of neutrophils.
Neutrophils form the first line of defense against invading microorganisms, and the production of ROSs is essential in killing bacteria and fungi. The major source of ROSs in neutrophils is NADPH oxidase, which catalyzes the transfer of electrons from NADPH to molecular oxygen to produce O 2 À ; most of the O 2 À reacts with itself to form H 2 O 2 . 1) CGD is a hereditary disease characterized by severe, recurrent bacterial and fungal infections as a result of a genetic deficiency in any one of the components of the oxidase, 2, 3) demonstrating that neutrophil-derived ROSs are important for host defense against invading microorganisms. But secreted ROSs can have detrimental side effects as well, causing tissue damage and contributing to the development or progression of numerous different diseases. 4) Consequently, it is thought that removal of activated and potentially dangerous neutrophils from an inflamed area is an important injury-limiting mechanism. 5) PMA is a direct activator of PKC. Treatment of normal human neutrophils 6, 7) and dimethylsulfoxidedifferentiated HL-60 cells 8) with PMA results in rapid generation of ROSs and subsequent cell death accompanied by chromatin condensation and PS externalization. This externalization is blocked in neutrophils from CGD patients. 6) We have reported that the rate of PMA-induced chromatin condensation and PS externalization in mouse neutrophils lacking MPO, the enzyme to produce HOCl from H 2 O 2 and Cl À , 9) is significantly slower than that in normal neutrophils. 10) These findings suggest that endogenously produced oxidative products mediate PMA-induced cell death, but the specific signaling pathways in which neutrophil-derived ROSs participate have not been elucidated.
p38 MAPK is a Ser/Thr kinase belonging to the family of MAPKs. Activation of this enzyme serves as an upstream mediator in the cell death of neural progenitor cells, 11) and it is involved in the mitochondrial activation-mediated cell death pathway of human cancer cells. 12) In neutrophils, p38 MAPK is involved in ultraviolet-, 13) oxidant-, 14, 15) and cytokine- 16) induced apoptosis. The addition of H 2 O 2 blocks ERK activation through stimulation of p38 MAPK, which enhances neutrophil apoptosis. 14) In this study, using wild-type, MPO À=À , and NADPH oxidase-deficient (CGD) mouse neutrophils, we examined the participation of p38 MAPK in neutrophil cell death and found that O 2 À produced by NADPH oxidase or its metabolites other than HOCl is a critical regulator of p38 MAPK. 
Materials and Methods
Mice. Animal experimentation was carried out in accordance with the guidelines of the Kihara Institute for Biological Research of Yokohama City University. All mice used were 8 to 12 weeks old. C57BL/6 mice were purchased from the Japan SLC (Hamamatsu, Japan). MPO À=À mice generated by us 17) and CGD mice (gp91phox knockout mice) 18) were backcrossed at least 10 times with C57BL/6 to ensure similar genetic backgrounds. All animals were housed under specificpathogen-free conditions.
Isolation and activation of neutrophils. Mice were injected intraperitoneally with 1 ml of 3% fluid thioglycollate medium (Difco Laboratories, Detroit, MI). After 3 h, peritoneal exudate cells containing about 85% neutrophils and 15% peritoneal macrophages were harvested by peritoneal lavage with 10 ml of PBS. After centrifugation of the cells at 150 Â g for 5 min at 4 C, cell pellets were resuspended in HBSS. Total cell numbers were determined with a hemocytometer. Cells (1:5 Â 10 6 ) were plated into a 35 mm plastic dish for suspension culture and incubated at 37 C in 5% CO 2 in air for 10 min. As reported previously, 10) more than 75% of adherent cells revealed ring-shaped chromosomes characteristic of mouse neutrophils, regardless of their genotype. To the adherent neutrophil samples, PMA (Wako Chemicals, Osaka, Japan) was added at a final concentration of 30 ng/ml, and the cells were further incubated at 37 C in 5% CO 2 in air for 2 h. In some experiments, a pancaspase inhibitor, z-VAD-fmk (50 mM, BD PharMingen, San Diego, CA), a PKC inhibitor, GF109203X (1 mM, Calbiochem, San Diego, CA) or a p38 MAPK inhibitor, SB202190 (10 mM, Calbiochem) was added 30 min before and during PMA treatment.
Morphological assessment of apoptosis. At different times after activating the cells with PMA, HBSS was removed by aspiration and the adherent cells were stained with Giemsa's solution. Thereafter, at least 200 cells per sample were evaluated under a microscope, and cells with condensed nuclei were defined as apoptotic. Apoptosis was also examined with a FITC-conjugated annexin V apoptosis detection kit (Takara, Kyoto, Japan) according to the manufacturer's instructions.
Immunoblot analysis. After PMA treatment for 10 min, the cells (5 Â 10 6 cells) were solubilized in SDS-polyacrylamide gel electrophoresis sample buffer with 2% mercaptoethanol, and the protein concentration in each sample was determined using a Bio-Rad protein assay kit with bovine serum albumin as a standard. Proteins (50 mg of protein per lane) were then resolved on 12% SDS-polyacrylamide gel by electrophoresis and electrotransferred to an Immobilon Transfer Membrane (Millipore, Bedford, MA). The membrane was blocked with 5% nonfat milk in TBST (20 mM Tris-HCl based buffer with 0.1% Tween 20, pH 9.4), and incubated overnight in the presence of primary antibody; it was then incubated for 1 h in the presence of a 1:3000 dilution of secondary antibody (IgG) conjugated to horseradish peroxidase. Reaction products were visualized using an enhanced chemiluminescence Western blotting detection system (Amersham Biosciences, Piscataway, NJ). The primary antibodies included antiphospho-p38 MAPK (human, 1:1000, Cell Signaling Technology, Beverly, MA), anti-p38 MAPK (human, 1:1000, Cell Signaling Technology), anti-phospho-ERK1/2 (human, 1:1000, Cell Signaling Technology), and anti-p38 MAPK (rat, 1:1000, Cell Signaling Technology).
Fluorometric analysis of caspase 3. Adherent neutrophils (5 Â 10 6 cells) were treated with or without PMA, as described above. After 40 min, HBSS was removed, and the cells were lysed for 20 min in ice-cold lysis buffer [50 mM Hepes-KOH, 1 mM EGTA, 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, 10 mM DTT, 1 Â Protease Inhibitor Cocktail (Sigma Chemical, St. Louis, MO), pH 7.5]. In some experiments, neutrophils (5 Â 10 6 cells) were stimulated by 50 mg/ml zymosan (Molecular Probes, Eugene, OR) in RPMI medium for 8 h. The zymosan had been opsonized in mouse serum at 37 C for 30 min. After the medium was removed, the cells were lysed in the lysis buffer as described above. In all experiments, cell lysate was collected after spinning at 17;500 Â g for 15 min at 4 C to remove detergent-insoluble materials. The protein concentration of the lysate was determined by colorimetric measurement using the Bio-Rad protein assay reagent. An aliquot of each sample (40 mg protein) was diluted to a final volume of 200 ml using assay buffer (50 mM Hepes-KOH, 50% sucrose, 0.1% Triton X-100, 10 mM DTT, pH 7.5) supplemented with 12.5 mM fluorogenic caspase-3 substrate Ac-DEVD-AMC (Biosource, Camarillo, CA). Samples were incubated for 1 h at 37 C and measured at an excitation wavelength of 360 nm and an emission wavelength of 465 nm using a Fluorescence multi-well plate reader.
Results

PMA-induced cell death in wild-type and CGD neutrophils
Approximately 75% of mouse neutrophils adhered to the dish possessed native ring-shaped nuclei (Fig. 1A) . Morphologically, half of the remaining cells were macrophages, and the other half contained neutrophils exhibiting condensed nuclei, a feature of apoptotic cells, 19) probably because they had been activated within the peritoneal cavity by thioglycollate. No further increase in cells with such condensed nuclei was detected after 2 h of in vitro incubation in HBSS without PMA. Similarly to our previous report, 10) activation of wild-type neutrophils with PMA (30 ng/ml) resulted in a rapid onset of nuclear condensation, and almost all of the cells revealed condensed nuclei at 2 h (Fig. 1A, B) , whereas the PMA treatment failed to induce the cell death of CGD mouse neutrophils (Fig. 1B) . Microscopic observation using FITC-labeled annexin V, which specifically binds to PS on the cell surface, showed a dramatic increase in PS exposure in the wild-type neutrophils incubated with PMA, whereas exposure was scarcely observed in the CGD neutrophils (Fig. 1C) .
Activation of p38 MAPK by PKC is required in PMAinduced neutrophil apoptosis
PMA is a direct PKC activator. A pan-PKC inhibitor, GF109203X, completely inhibited the chromatin condensation of wild-type neutrophils stimulated with PMA, indicating the involvement of PKC in cell death (Fig. 2) . Similarly, treatment of neutrophils with SB202190, a specific inhibitor of p38 MAPK, 20) inhibited this chromatin condensation. A rapid (within 10 min) increase in phospho-p38 MAPK was observed in PMA-treated neutrophils, demonstrating the activation of this enzyme by PMA (Fig. 3A) . Of note, GF109203X completely inhibited the phosphorylation of p38 MAPK. These results indicate that p38 MAPK activation plays a critical role in PMA-induced cell death of neutrophils. More importantly, this PMAinduced phosphorylation was markedly enhanced in MPO À=À neutrophils, whereas this was not the case for CGD neutrophils (Fig. 3B) , indicating that NADPH oxidase-derived O 2 À or its metabolites other than HOCl are indispensable for the PMA-induced activation of p38 MAPK in mouse neutrophils. Furthermore, these results strongly suggest that the resistance of CGD neutrophils to PMA-induced cell death (see Fig. 1B, C) is due to lack of p38 MAPK activation.
PMA-induced cell death occurs through a caspaseindependent pathway in mouse neutrophils
We observed that a pancaspase inhibitor, z-VAD-fmk, was without protective effect against PMA-induced cell death (Fig. 4) . Furthermore, caspase-3 activity was only minimally detected both before and after stimulation Wild-type neutrophils were incubated for 2 h with (þ) or without (À) PMA (30 ng/ml), GF109203X (1 mM), or SB202190 (10 mM). The incidence of nuclear condensation was determined as described in the legend to with PMA for 40 min, and that there was no significant difference in activity between wild-type and CGD mice (Fig. 5A) . In contrast, serum-opsonized zymosan, which has been reported to induce caspase-3-dependent apoptosis in neutrophil-like HL-60 cells, 8) markedly enhanced caspase-3 activation in wild-type neutrophils.
This effect was not pronounced at 3 h (data not shown), but was seen clearly at a later time (8 h). These results indicate that PMA-induced cell death was caspaseindependent. PMA rapidly stimulated the phosphorylation of ERK1/2 in wild-type neutrophils (Fig. 5B) . Since activation of ERK1/2 attenuates the caspasedependent pathway, 12) it is possible that activated ERK1/2 inhibits caspase-3 activity.
Discussion
Many researchers have reported the role of ROSs in regulating PMA-induced neutrophil apoptosis. Gustafsson et al. 7) showed that PMA induces intracellular H 2 O 2 production and a rapid onset of apoptosis in human neutrophils. Narayanan et al. 21) suggested that the onset of apoptosis in PMA-activated neutrophils is partly due to oxidative stress induced by down-regulation of the antioxidants superoxide dismutase and glutathione, which leads to intracellular accumulation of O 2 À , but the target molecule of O 2 À has remained to be identified. In the present study, we showed that PMA-induced cell death of mouse neutrophils was caspase-independent, A, PKC inhibitor GF109203X blocked PMA-induced phosphorylation of p38 MAPK. Wild-type neutrophils were treated with (þ) or without (À) PMA or GF109203X for 10 min, and protein extracts were prepared and the level of total (p38) and phosphorylated (Phospho-p38) MAPK was determined by Western blotting using specific antibodies. B, PMA failed to phosphorylate p38 MAPK in CGD neutrophils. Wild type, MPO À=À , and CGD neutrophils were incubated with (þ) or without (À) PMA for 10 min, and the level of total (p38) and phosphorylated (phospho-p38) MAPK was determined as described above. and that this death was associated with activations of PKC, p38 MAPK, and ERK1/2. Most importantly, using MPO À=À and CGD mouse neutrophils, we demonstrated that endogenously generated ROSs by NADPH oxidase is an indispensable regulator of p38 MAPK for mediating PMA-induced cell death of neutrophils, and that HOCl generated by MPO was not necessary for activating this kinase.
We observed that the specific p38 MAPK inhibitor SB202190 was very effective in protecting neutrophils against PMA-induced death (Fig. 2) , strongly suggesting the involvement of this kinase in the PMA-induced cell death of mouse neutrophils. We found that PMA activated p38 MAPK in MPO À=À neutrophils as well as in the wild type, whereas it failed to do so in CGD neutrophils (Fig. 3B) . The primary oxidant generated by NADPH oxidase is O 2 À , which then reacts with itself to form H 2 O 2 . H 2 O 2 can, in the presence of reducing metals, go on to form a hydroxyl radical and other free radicals. In addition, neutrophils contain high levels of MPO, which catalyzes formation of the potent oxidant HOCl from H 2 O 2 and Cl À . Our findings using the two kinds of knockout mice give direct evidence that p38 MAPK activation requires endogenously produced O 2 À , or its metabolites, such as a hydroxyl radical other than HOCl.
Like SB202190, the pan-PKC inhibitor GF109203X was effective in protecting neutrophils against PMAinduced death (Fig. 2) . This inhibitor completely blocked the activation of p38 MAPK (Fig. 3A) , suggesting that PKC acts as an upstream regulator of p38 MAPK. Since PKC is involved in NADPH oxidase complex assembly and subsequent activation, 22, 23) it is probable that PMA-activated PKC stimulates the NADPH oxidase complex to produce O 2 À , which plays a critical role in the activation of p38 MAPK and subsequent cell death.
Neutrophils possess caspase-dependent and -independent death pathways. Caspase activation occurs in neutrophils undergoing Fas ligand-mediated apoptosis. 6) Caspase-3 is activated by PMA in dimethylsulfoxidedifferentiated HL-60 cells, but no activation of the enzyme is observed in human blood neutrophils. 6, 8) TNF-can induce both caspase-dependent and -independent death pathways in human neutrophils. 16) In the present study, we found that no caspase-3 activation was induced in PMA-treated neutrophils (Fig. 5A ). Zymosan treatment, on the other hand, markedly enhanced caspase-3 activation in wild-type neutrophils, but not in CGD neutrophils, in line with the previous observation that a NADPH oxidase inhibitor suppressed zymosan-induced caspase-3 activation. 8) ERK has been suggested to be an inhibitor of caspase-8 and caspase-3. 12) In the caspase-dependent pathway, activation of p38 MAPK might have a suppressive effect on ERK that can lead to caspase activation. 24, 25) In the present study, we observed that PMA treatment resulted in the activation of ERK as well as in that of p38 MAPK (Figs. 3, 5B) . Activated ERK might inhibit caspase-3 in neutrophils stimulated by PMA.
Since PMA-activated neutrophil cell death is caspaseindependent, it is difficult to classify it as conventional apoptosis, but PS exposure was markedly accelerated as compared with untreated neutrophils. This exposure is known to be one of the earliest markers of apoptosis. 26) Physiologically, PS exposure is one of the mechanisms by which apoptotic cells are recognized by macrophages and targeted for ingestion. 27) Cell death induced by PMA can therefore be considered to be a type of unconventional apoptosis that occurs more rapidly.
